Blood pressure (BP) variability is estimated as the standard deviation of 24-h ambulatory BP. The present study was performed to determine the effect of the mean 24-h ambulatory BP values and standard deviations on arterial wall stiffness assessed by brachial-ankle pulse wave velocity (baPWV). Brachial-ankle pulse wave velocity, carotid intima-media thickness (IMT), urinary albumin excretion (UAE) and 24-h ambulatory BP were measured before the start of antihypertensive therapy in 203 newly diagnosed hypertensive patients (53.370.7 years old; clinic systolic/diastolic BP: 15471/9871 mm Hg), and univariate and multivariate regression analyses of these clinical and biological parameters were performed. Univariate regression analyses revealed a significant association between mean baPWV values and the standard deviations of ambulatory systolic/ diastolic BP. Mean ambulatory systolic/diastolic BP values were also associated with UAE, and the standard deviations of ambulatory systolic BP were associated with maximum carotid IMT. Quintile analyses showed that patients with a mean 24-h ambulatory mean BP value and standard deviation below 110 and 20 mm Hg, respectively, had the lowest baPWV. Moreover, the multivariate regression analyses confirmed a significant correlation between baPWV and the standard deviation of 24-h ambulatory systolic BP. In conclusion, untreated hypertensive patients with a higher 24-h ambulatory systolic BP variability had stiffer arterial walls. Ambulatory systolic BP variability may be involved in stiffening of the arteries of hypertensive patients.
Introduction
Aortic stiffness assessed by non-invasive measurement of brachial-ankle pulse wave velocity (baPWV) along the aorto-iliac pathway predicts cardiovascular morbidity and mortality in hypertensive patients [1] [2] [3] [4] and is significantly correlated with systolic blood pressure (BP) 5 and pulse pressure (PP) 6 determined in physicians' clinics. Studies have shown that 24-h ambulatory BP also predicts cardiovascular morbidity and mortality much more accurately than conventional clinic BP. [7] [8] [9] [10] [11] However, a recent study found no correlation between aortic baPWV and mean 24-h ambulatory BP in hypertensive patients, even though they were 80 years of age or older. 12 The BP variability is estimated as the standard deviation of beat-to-beat BP obtained by intraarterial BP monitoring 13, 14 or the standard deviation of non-invasively monitored ambulatory BP, [15] [16] [17] and it is associated with the severity of organ damage and cardiovascular morbidity and mortality in hypertensive patients and the general population. These findings suggest that BP variability determined by 24-h ambulatory BP monitoring may have an impact on baPWV values. We therefore calculated the correlation between baPWV and the mean 24-h ambulatory BP value and standard deviation in untreated hypertensive patients aged 30-75 years.
Patients and methods

Subjects
The present study was conducted on 203 consecutive untreated hypertensive patients attending the outpatient hypertension clinic of Keio University Medical School Hospital and for whom baseline arterial stiffness measurements by baPWV were available. Patients with arrhythmias, previous cardiovascular events or peripheral arterial disease were not included in the study. Hypertension was defined as a clinic systolic BP of 4140 mm Hg and/ or a clinic diastolic BP of 490 mm Hg as measured by sphygmomanometer. No patients with any form of secondary hypertension based on the results of classic laboratory and radiology tests were included.
Clinical and biological parameters were obtained before the start of antihypertensive drug therapy. The study was approved by the review board of Keio University Medical School Hospital, and informed consent was obtained from every subject. Venous blood samples for measurement of creatinine (Cr), total cholesterol, low-density lipoprotein, C-reactive protein and active renin concentrations were drawn in the morning after an overnight fast on the same days as the baPWV measurements were made.
Ambulatory blood pressure monitoring
The 24-h ambulatory BP monitoring was performed with an oscillometric-based device (TM-2431; A&D Co., Tokyo, Japan). Blood pressure recordings were made every 30 min during the daytime period (between 0600 and 2200) and every 60 min during the night time period (between 2200 and 0600). The mean value and standard deviation of ambulatory BP of each subject were calculated for the entire 24-h period and separately for the daytime period and the night time period. The standard deviation of the ambulatory BP values was recorded as the ambulatory BP variability in this study. The nocturnal BP decrease was calculated as the average systolic BP during the daytime period minus the average systolic BP during the night time period. The morning BP surge was calculated as the average systolic BP during the first 2 h after waking minus the lowest systolic BP during the night time period.
Brachial-ankle pulse wave velocity Clinic BP and baPWV were determined with a PP analyzer (model: BP-203RPE; Nihon Colin, Tokyo, Japan) by the methods described previously. 6, [18] [19] [20] Briefly, pulse volume waveforms were recorded with plethymographic sensors placed over the right brachial artery and both posterior tibial arteries. The baPWV values measured by this method are significantly correlated with carotid-femoral PWV, 21 heart-ankle PWV 20 and aortic PWV measured by the catheter method, 22 with high correlation coefficients of 0.81, 0.95 and 0.87, respectively. The 10 consecutive pulses were analysed in the present study, and the average baPWV was recorded. Brachialankle pulse wave velocity was measured when the patient's heart rate was stable at 60-80 beats/min after at least a 5-min rest. Two measurements were performed in each leg, and the average values were used in the analysis. Values are expressed in units of meters per second (m/s).
Carotid intima-media thickness Ultrasonographic B-mode imaging of the carotid artery was performed with a PowerVision 6000 (Toshiba, Tokyo, Japan) at a transducer frequency of 7.5 MHz. Each subject was examined in the supine position. Up to 4 cm of the common carotid artery and the carotid bulb were scanned bilaterally in the longitudinal and transverse projections. The image was focused on the far wall of the artery. Intima-media thickness (IMT) was defined as the distance between the leading edge of the lumenintima interface and the leading edge of the media-adventitia interface on the far wall, and the greatest IMT value in the bilateral longitudinal projections was recorded as the maximum IMT. All measurements were performed under blind conditions. The mean intraobserver and interobserver coefficients of variation for maximum IMT were 4.3 and 4.7%, respectively.
Urinary albumin excretion
Urinary albumin excretion (UAE) was evaluated as the mean albumin-to-Cr ratio calculated from three non-consecutive overnight urine samples collected 1 week before ambulatory BP monitoring was started. Urinary albumin and Cr concentrations were determined by turbidimetric immunoassay with a Superior-Microalbumin kit (DPC Co., Tokyo, Japan) and by the Jaffé reaction with an autoanalyzer.
Statistical analysis
All statistical analyses were performed using StatView 5.0 software (SAS Institute Inc., Cary, NC, USA). Simple regression analyses for BP parameters and baPWV were determined. Quintile analysis was applied to determine the relation between systolic BP variability and baPWV, in which subjects were divided into five groups according to the distribution of the variability. Multiple regression analyses were also performed to evaluate the relation between baPWV and age, Cr, total cholesterol, low-density lipoprotein, C-reactive protein, active renin concentrations, UAE, maximum IMT, clinic BP and ambulatory BP parameters. A P-value of o0.05 was considered significant. Data are reported as mean7s.e.m.
Results
Patient characteristics
The mean age of the 203 patients with untreated hypertension was 53.370.7 years old: 41 of them were female, 19 were hyperlipidemic, seven were diabetic and four had renal disease. None had been treated with antihypertensive drugs, and blood studies yielded the following average values: serum Cr, 76.070.9 mmol/l; serum total cholesterol, 5.5370.08 mmol/l; serum low-density lipoprotein cholesterol, 3 Effects of ambulatory systolic blood pressure and its variability on brachial-ankle pulse wave velocity Figure 1 assesses association of increases in baPWV with stepwise increases in 24-h, daytime and night time ambulatory MAP and the variability of 24-h, daytime and night time ambulatory MAP. The baPWV of patients whose 24-h MAP was 110 mm Hg and above was significantly higher than that of the patients whose 24-h MAP was below 110 mm Hg. The baPWV of patients whose 24-h MAP variability was 20 mm Hg and above was significantly higher than that of the patients whose 24-h MAP variability was below 20 mm Hg. The baPWV of patients whose daytime MAP was 100 mm Hg and above was significantly higher than that of the patients whose daytime MAP was below 100 mm Hg. The baPWV of patients whose daytime MAP variability was 20 mm Hg and above was significantly higher than that of the patients whose daytime MAP variability was below 20 mm Hg. The baPWV of patients whose night time MAP was 105 mm Hg and above was significantly higher than that of the patients whose night time MAP was below 105 mm Hg. The baPWV of patients whose night time MAP variability was 15 mm Hg and above was significantly higher than that of the patients whose night time MAP variability was below 15 mm Hg.
Multivariate regression analysis
Multivariate regression analysis for 12 explanatory variables including clinic BPs (R 2 ¼ 0.413, P ¼ 0.0001) indicated significant correlations between baPWV and age, clinic systolic BP, PP and MAP (Table 2) . Multivariate regression analysis for 22 explanatory variables including ambulatory BPs (R 2 ¼ 0.489, P ¼ 0.0003) indicated significant correlations between baPWV and age, UAE and 24-h ambulatory systolic BP variability (Table 3) . Thus, arterial wall stiffness assessed by baPWV may not only be influenced by age, clinic systolic BP, PP or MAP but also by UAE and systolic BP variability. However, baPWV was not correlated with any other clinical or biological parameters.
Discussion
The results of the present study showed that the mean ambulatory systolic/diastolic BP values and standard deviations were significantly associated with baPWV, and a significant correlation between baPWV and the standard deviation of 24-h ambulatory systolic BP was confirmed by multivariate Thus, tight BP control throughout the 24-h period appears to structurally and functionally improve the stiffened arterial walls of hypertensive patients. Blood pressure variability estimated as the standard deviation of non-invasively monitored ambulatory BP has been found to be associated with cardiovascular morbidity and mortality in hypertensive patients 15, 16 and the general population. 17 The results of the present study showed that 24-h ambulatory systolic BP variability in untreated hypertensive patients is significantly associated with arterial wall stiffness assessed by baPWV. The increase in BP variability may be attributable to the increased stiffness and decreased compliance of large elastic arteries caused by high BP. 24 However, as we did not observe any relationship between the mean values and standard deviations of ambulatory Abbreviations: ARC, plasma active renin concentration; baPWV, brachial-ankle pulse wave velocity; BP, blood pressure; Cr, serum creatinine level; CRP, serum C-reactive protein level; DBP, diastolic blood pressure; LDL, serum low-density lipoprotein level; MAP, mean arterial pressure; maximum IMT, maximum value of carotid intima-media thickness; PP, pulse pressure; SBP, systolic blood pressure; TC, serum total cholesterol level; UAE, urinary albumin excretion. Abbreviations: ARC, plasma active renin concentration; baPWV, brachial-ankle pulse wave velocity; BP, blood pressure; Cr, serum creatinine level; CRP, serum C-reactive protein level; DBP, diastolic blood pressure; LDL, serum low-density lipoprotein level; maximum IMT, maximum value of carotid intima-media thickness; SBP, systolic blood pressure; TC, serum total cholesterol level; UAE, urinary albumin excretion.
BP, increased BP variability is thought to be the cause of increasing the stiffness and decreasing the compliance of large elastic arteries. Further study is needed to determine the cause-effect relationship between BP variability and arterial wall stiffness. The baPWV of untreated hypertensive patients was significantly associated with maximum carotid IMT and UAE, consistent with previous studies showing correlations between PWV and IMT 25, 26 and between PWV and UAE. [26] [27] [28] We therefore also assessed the relationships between maximum IMT, UAE and ambulatory BP. Although we did not find any relationship between maximum IMT and UAE in untreated hypertensive patients, both maximum IMT and baPWV were significantly associated with the standard deviation of ambulatory systolic BP. In hypertension, therefore, both structural and functional alterations of arterial walls may be closely related to BP variability. The present study also demonstrated an association between UAE and mean ambulatory systolic/diastolic BP values but not between UAE and ambulatory BP variability. Intraglomerular pressure is regulated by two important physiological mechanisms in afferent arterioles: a myogenic response and tubuloglomerular feedback. The former protects intraglomerular pressure from changes in systemic pressure occurred within a second to a minute, and the latter protects it from systemic pressure changes occurred within a minute to an hour. Thus, the glomeruli may be protected from injury caused by BP variability. However, sustained 24-h BP elevation may damage the glomeruli and thus increases UAE.
The morning BP surge is a risk factor for stroke events in hypertensive patients independently of the 24-h BP level. 29 In the present study, however, the morning BP surge in untreated hypertensive patients was unassociated with the baPWV, maximum IMT or UAE values. Because the morning BP surge is dependent on sympathetic nerve activity and strongly predicts a silent stroke, 30 the morning BP surge may suggest a risk of cardiovascular events owing to acute increases in BP and may not reflect chronic alterations of arterial function and structure. In addition, previous studies showed that nocturnal BP increases and decreases in hypertensive patients are associated with hypertensive organ damage 31 and silent cerebrovascular damage, 32 respectively. However, we did not observe any association between nocturnal BP decreases and the baPWV, maximum IMT or UAE values in untreated hypertensive patients. The longer-term differences between daytime BP and night time BP may be involved in the risk of cardiovascular events through a mechanism different from the variability of BP measured every 30-60 min by ambulatory monitoring.
Neither the clinic BP nor ambulatory BP of hypertensive patients aged 480 years was associated with PWV; 12 however, we clearly demonstrated a significant correlation between both clinic BP and ambulatory BP and baPWV in untreated hypertensive patients 30 to 75 years of age. Although age and BP are two of the most important determinants of arterial wall stiffness assessed by PWV, 33 age-related arterial changes, such as calcification and loss of elastic tissue in the medial layer, may be the dominant influence on large-artery flexibility beyond high arterial pressure and its variability.
This study contains some limitations in interpreting the data. Time frequency of BP measurements is important at the time to estimate variability from non-invasive ambulatory BP monitoring techniques. Although previous studies showed the contribution of BP variability to PWV in a general population by non-invasive ambulatory BP monitoring at intervals of 30 min, 17 in the present study, BP variability was measured as the standard deviation of BP measurements every 30 min during the daytime and every 60 min during the night time. Therefore, BP variability during the night time was not associated with baPWV. The results of the present study should be confirmed by ambulatory BP measurements at a shorter interval.
In conclusion, the results of the present study demonstrated that BP variability estimated as the standard deviation of 24-h ambulatory systolic BP monitoring is significantly associated with arterial wall stiffness as assessed by baPWV in untreated hypertensive patients aged 30-75 years. As both BP variability 17 and PWV 1, 3, 4 are independent predictors of cardiovascular morbidity and mortality in hypertensive patients, increased BP variability and arterial wall stiffness can adversely affect each other and thereby contribute to the cardiovascular morbidity and mortality of hypertensive patients.
